Similar to pure fluids, physical properties of a binary fluid mixture also exhibit singularities close to its critical point, espacially when it is dilute. The numerical and theoretical results presented in this paper identify that the piston effect, a rapid energy transfer phenomenon, can be induced by boundary mass transfer in a confined dilute near-critical binary fluid mixture. Due to the Dufour effect, both the concentration and temperature variations are responsible for the strong expansion of the boundary layer, which provokes an acoustic wave propagating in the fluid, leading to a gradual increase of the temperature, pressure and density. Detailed analysis implies that such a mixed piston effect can be approximated as a direct superposition of their respective effects in the perspective of energy transformation.
I. INTRODUCTION
For a single-component fluid near the liquid-vapor critical point, the large compressibility and the diminishing thermal diffusivity are responsible for a rapid thermal relaxation process known as the piston effect (PE) [1] [2] [3] . Due to buoyant convection on earth, the PE had long been ignored and was first observed in a microgravity experiment [4] . Indeed, the heating of a confined near-critical fluid provokes a thin thermal boundary layer (BL), which expands strongly, acting like a piston, and drives a field of acoustic waves in the fluid. These acoustic waves travel back and forth at the speed of sound, causing an adiabatic compression of the bulk fluid and a rapid temperature relaxation compared to that of thermal diffusion [5] .
Asymptotic expansions were employed to study the relaxations of temperature and density fields [6, 7] . Meanwhile, several experimental studies were carried out to evidence the PE [8] [9] [10] [11] , observe thermoacoustic waves [12] , and investigate whether the PE can be used to perform long-distance heat transfer [13] . The generation and reflection of thermoacoustic waves were discussed throughly by Shen and Zhang [14, 15] . A recent study by Long et al. [16] discussed the thermoacoustic waves in binary fluid mixtures, with an emphasis on the influence of cross-diffusion effects. Related research progresses are widely described in a recent book written by Zappoli et al. [17] .
Generally speaking, most of previous studies focus on heat transfer and related effects in critical region. However, mass transfer, always being bracketed with heat transfer, in the critical region has not received sufficient attention. In fact, one of the most important engineering applications of near-critical and supercritical fluids is chemical extraction, in which the mass transfer is of fundamental significance. Previous studies have revealed that large density gradient and natural convection are often encountered when a solute dissolves into a near-critical fluid [18, 19] . These facts motivated us to investigate whether there are any phenomena hidden in the natural convection, among which our primary concern is the PE.
Similar to pure fluids, the physical properties of a near-critical binary fluid mixture (NCBFM) also exhibit singularities, espacially when it is dilute. For example, the diffusion coefficient vanishes at the critical point because of the sharp clustering phenomenon [20] (no matter whether the mixture is dilute or not), while the partial molar volume of the minority species diverges [19, 21] . These anomalous properties are essential in the mechanism of the 
PE.
In this paper, we report interesting findings on the PE induced by mass transfer. We study the responses of a dilute NCBFM to boundary concentration perturbations by numerical and theoretical modeling. The hydrodynamic model, along with its solutions under different concentration perturbations on acoustic time scale are presented. Moreover, a thermodynamic theory is proposed to explain the phenomenon.
II. PHYSICAL MODEL AND GOVERNING EQUATIONS
We consider a dilute NCBFM of species A (the minority species) and B confined between two infinite solid plates that are spaced by a distance L = 10 mm (Fig. 1) . The onedimensional model is justified since gravity is ignored (no buoyant convection and density stratification). The fluid is initially motionless at the critical density ρ c and at thermodynamic equilibrium close above its critical temperature T c (subscript c denotes critical value). A mass flux of species A happens at the left boundary, while the other side is adiabatic and impermeable. The boundary condition employed in this study is often encountered in chemical extraction processes, where species A as the solute dissolves into near-critical/supercritical solvent B from solid substrate. The resulting mixtures are often dilute since the solubilities are usually small.
The Soret effect (SE) and Dufour effect (DE) should be included, since the thermal diffusion factor k T , describing the SE and DE, diverges for a NCBFM [21] . The energy flux q and mass flux i are thus expressed as [22] (along the x direction)
where λ, D, c are, respectively, the thermal conductivity, diffusion coefficient and concentration (mass fraction) of species A. The subscript x represents derivative versus space.
The quantity H is related to the partial molar enthalpy of the two species H A and H B by 
where u, p, η, c p , α T , β p , κ c are, respectively, the velocity, pressure, dynamic viscosity, remains finite at the critical point. However, Sengers [19] pointed out that exceptions occur in dilute binary mixtures, because they are in between of pure fluids and mixtures. The divergences of c p , α T and β p exhibit a crossover, changing from strong divergences to weak divergences as a critical point is approached. Besides, under the infinite-dilution condition, the partial molar volume of the solute diverges at the solvent's critical point which implies that γ c is also large in a near-critical dilute mixture [18] . As for transport properties, according to Luettmer-Strathmann [21] and Yang et al. [25] , the diffusion coefficient D vanishes at a critical point, the viscosity η diverges weakly, and the thermal conductivity λ remains finite.
The Peng-Robinson (PR) EOS together with the van der Waals mixing rule is used to obtain the thermodynamic properties of the NCBFM. In this study, we only consider
and CO 2 (species B) with c = 0.005 is chosen as a reference system because the reliable modeling by PR EOS and experimental data on critical parameters can be found in literature [26] . Even though the mass flux of pure species A at the left wall can not be easily realized by experiments for the mixture of C 2 H 6 -CO 2 , our conclusions can be extended to other NCBFMs (with practical experimental operations) due to the universalities in their properties. For transport properties, we suppose that η and λ of the mixture are those of pure CO 2 at the same temperature and density (obtained from the NIST database [27] ), which is a valid assumption for a dilute mixture (c < 0.01). As for D and k T , since very few experimental data is available, theoretical models should be employed. The diffusion coefficient can be expressed as [28] both D s and D b tend to zero due to the strong divergences of ξ and the concentration susceptibility, respectively. According to Luettmer-Strathamann [21] , asymptotically close to the critical point, the following power laws hold:
where the universal critical exponents φ, ν and γ have the values φ 0.063, ν 0.63 and γ 1.24, and ε = (T − T c )/T c is the reduced temperature. The asymptotic analysis also points out the thermal diffusion factor behaves like [21] 
Therefore, in this study, we assume D and k T obey the following equations:
In order to determine D 0 and k T 0 in Eq. (11), we assume critical anomalies are not noticeable when ε = 0.1. Furthermore, we assume D| ε=0.1 can be predicted by the model developed by Vaz et al. [20] , and k T | ε=0.05 = 0.05 (a negligible value [22] since the mixture is dilute).
In fact, the asymptotic critical region is surrounded by a large crossover region, where a complicated crossover model should be involved, depending on details of the physical system under consideration. However, in the present study, C 2 H 6 -CO 2 mixture are chosen as a reference fluid system. We seek for a general qualitatively representative model for diffusion coefficient and thermal diffusion factor. That is why the universal asymptotic power laws are used in the modeling. 
namely imposing a concentration step and a constant concentration gradient, respectively.
The velocity at left boundary is
To study the PE on acoustic time scale t a = L/v a = 40.5 µs (v a = c p /c v × (∂p/∂ρ) T,c = 247.13 m/s is the sound speed, where c v is the specific heat at constant volume), equations (2)- (7) with initial and boundary conditions were solved by SIMPLE algorithm after finite volume discretization implemented based on OpenFOAM [29] , an open source C++ library for CFD. Convective terms are discretized using a TVD scheme with OpenFOAM's limitedLinear limiter. Transient terms are discretized with a first-order Euler scheme.
The numerical code was validated by reproducing Miura's experimental results [12] . The mesh, including 1080 points, was refined near the boundaries so as to accurately represent thin BLs. A time step ∆t = 0.01 µs was chosen to assure proper numerical convergence of the solutions. Summarized in Table I are physical properties used in calculations, and they are treated as constant since concentration perturbations are small.
III. RESULTS AND DISCUSSIONS
The primary aim of this study is to exhibit the PE induced by mass transfer (or concentration). However, the third term on the RHS of Eq. (6) 2(a)), provoking an acoustic wave traveling in the fluid. In this process, the internal energy of the BL is transformed into the kinetic energy of the wave. As shown in Fig. 2(a) , the wave consists of two parts: a steep head in which the velocity gradient is negative (corresponding to a compression region) and a gentle tail in which the velocity gradient is positive (corresponding to an expansion region). Consequently, the p, ρ and T at a fixed point in the bulk fluid first experience a sudden increase and then decrease gradually in each acoustic time. Since p, ρ and T have the same behavior, only temperature profiles at different time are presented in Fig. 2(b) , whose shape is identical to that of velocity.
The reflection of the acoustic wave happens when it reaches the boundaries. As the wave propagates, its kinetic energy is transformed into internal energy in the bulk fluid, making p, ρ and T in the bulk fluid increase. Such an acoustic heating is clearly shown in Fig. 3 , which plots the temperature profiles at longer acoustic times. Fig. 4 is the velocity and temperature profiles at different acoustic times. The expanding BL is shown in the inset of Fig. 4(a) , where the velocity gradient is positive. In agreement with above prediction, it is observed that an abrupt compression wave (corresponding to a negative velocity gradient) propagates in the fluid, which reflects back at the right boundary (see Fig. 4(a) ). The acoustic heating is clearly shown in Fig. 4(b) , the compression wave makes a traveling increase in the bulk temperature.
When k T = 0, the reinforced PE is evidenced by the stronger compression wave and acoustic heating.
Furthermore, we give a thermodynamic theory to explain the phenomenon for constant concentration gradient case, obtaining the expressions of amplitudes of velocity, density, pressure, temperature, denoted as u , ρ , p , T , respectively [1, 12] . Imagining the BL as a moving piston with a constant speed, u should equal the piston's velocity, namely the volume expansion rate per unit area of the BL, leading to (details of derivation is given in Appendix)
where the two terms on the RHS account for concentration increase and Dufour heat flux, respectively. The superposition is justified since their separate contributions in the expansion case (see Fig. 2 caption.) of the BL. Note that for the sake of simplicity, the SE is ignored in Eq. (14), which results in a slight undervaluation. The mass conservation gives ρ (ignore small quantity of the second order)
The isentropic nature of the acoustic wave gives the expressions for p and T
The energy efficiency ζ E of PE is defined as the ratio of energy transferred into bulk fluid E bulk (t) and energy sent into the fluid E in (t), where E bulk (t) = bulk pδρ/ρdx = pu t, (14)- (19) (columns denoted as Theory). 
The temperature efficiency ζ T of PE is the ratio of actual temperature increase ∆T (t) = T (t) − T i = T t/t a (T is the average temperature) and the ideal temperature increase
We compare theoretical values and those obtained from numerical results in Table II . Above relations are validated by the good agreements between numerical and theoretical values.
ζ E and ζ T in current problem are almost the same with those of thermal PE, whose ζ E = p/T · (∂T /∂p) s,c [12] is equal to 0.1260 and ζ T is very close to 1. The discrepancy between ζ E and ζ T can be explained by the fact that the internal energy of a near-critical fluid mainly depends on density [11] , but the PE makes little contribution to the relaxation of density field.
To further understand the coupling between the PEs induced by concentration and temperature, we decompose Eq. (18) as follows:
where
where ζ E T is the energy efficiency of the PE solely driven by the Dufour heat flux, and ζ E c is the energy efficiency of the PE solely driven by concentration variations. The coefficients in Eq. (20) represent the ratios of their respective driving energy to total energy. The decomposition of ζ E implies that in the perspective of energy transformation, the mixed PE is a direct superposition of their respective effects. In fact, this conclusion is based on the approximation that properties of the fluid mixture are constant. Actually, the governing equations suggest that concentration and temperature are coupled nonlinearly through the SE and the DE, which influence properties of the fluid by changing the distributions of concentration and temperature fields, and further the total amount of energy entering the fluid. In this study, these variations in properties are neglected since the perturbations applied at the left boundary are small. Besides, Eq. (22) indicates that ζ E c is greater than ζ E T when µ/κ c < 0. Even though the difference between ζ E c (equals 0.1264) and ζ E T (equals 0.1260) is imperceptible for C 2 H 6 − CO 2 mixture, the above conclusion implies a potential in improving the energy efficiency by carefully choosing the mixture.
IV. CONCLUSIONS
The numerical results and theory presented in this paper clearly exhibit the PE, a rapid energy transport mechanism, can be induced by mass transfer in a confined NCBFM. In We thank the anonymous referees for helpful comments and suggestions.
Appendix: Derivation of velocity amplitude
The velocity amplitude u of the acoustic wave for constant concentration gradient case Because the diffusion coefficient D is quite small near the critical point, the domain length L = 10 mm is much larger compared to the boundary layer thickness l BL on acoustic time, leading to the following solution [30] c(x, t) − c 0 = 2g 0 Dt π exp − x 
